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Abstract 



Walker ceils in vivo or in vitro arc exceptionally sensitive to the monofunctional alkylating agent CB 1954 
(5-(aziridin-l-yl)-2,4-dinitrobenzamide). The basis of the sensitivity is that CB 1954 forms DNA interstrand 
crosslinks in Walker cells but not in insensitive cells. Crosslink formation is due to the aerobic reduction of CB 
1954 to form 5-(aziridin-l-yl)-4-hydroxylamino-2-nitrobenzamide by the enzyme DT diaphorase. The 4-hy- 
droxylamine can not crosslink DNA directly but requires further activation by a non-enzymatic reaction with 
a thioester (such as acetyl coenzyme A). As predicted from their measured DT diaphorase activities, a num- 
ber of rat hepatoma and hepatocyte cell lines are also sensitive to CB 1954. However, no CB 1954-sensitive 
tumours or cell lines of human origin have been found. This is because the rate of reduction of CB 1954 by the 
human form of DT diaphorase is much lower than that of the Walker enzyme (ratio of k^ = 6.4). To overcome 
this intrinsic resistance of human cells towards CB 1954 a number of strategies have been developed. First, 
analogues have been developed that arc more rapidly reduced by the human form of CB 1954. Second, the 
cytotoxicity ol CB 1954 can be potentiated by reduced pyridinium compounds. Third, a CB 1954 activating 
enzyme can be targeted to human tumours by conjugating it to an antibody (ADEPT). A nitroreducta se 
enzyme has been isolated from £. coli that can bioactivate CB 1954 much more rapidly than Walker DT 
diaphorase and is very suitable for ADEPT. Thus CB 1954 may have a role in the therapy of human tumours. 



1. Introduction 

CB 1954 (5-(aziridin-l-yl)-2.4-dinitrobenzamide) 
was. until recently, an enigma. This agent represents 
one of the few examples of a compound showing a 
real anti-tumour selectivity. Whilst chemically only 
a monofunctional alkylating agent (by virtue of its 
single aziridine function), CB 1954 exhibited a dra- 
matic and highly selective activity against the rat 
Walker 256 tumour and could actually cure this tu- 
mour. Such selectivity was unexpected from a 
monofunctional alkylating agent and it was evident 
that the sensitivity of the Walker tumour towards 
CB 1954 pointed to a unique biochemical feature. 
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The prospect that a human tumour could be found 
that shared the Walker tumour's sensitivity has 
made the mechanism of action of CB 1954 the sub- 
ject of continual interest for over 20 years. CB 1954 
has been described as 'a drug in search of a human 
tumour to treat* [].]. 



2. Historical background 

A large series of N-substituted ethyleneimine de- 
rivatives (aziridincs) were synthesized in the early 
1950s and investigated for their tumour growth-in- 
hibitory activity against the Walker 256 carcinoma 
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in vivo [2, 3], The most pronounced anti-tumour ef- 
fects were observed with molecules containing at 
least two ethyleneimine residues. An exception to 
this requirement for difunctionality was the mono- 
ethyleneimine derivative, l-(l-aziridinyl)-2,4-dini- 
trobenzamide or CB 1837, which was found to have 
significant anti-tumour activity. CB 1837 was found 
to have a therapeutic index (TI= 10) that was com- 
parable to many agents in current clinical use, for 
example, chlorambucil (TI= 7), cyclophosphamide 
(TI= 22), mclphalan (TI = <)) and cisplatin (TI = 14). 

During the examination of a large series of struc- 
turally related compounds, a derivative carrying a 
carboxamide substituent (CB 1954) was shown to 
have an even higher therapeutic index against the 
Walker 256 carcinoma (TI= 70). This was higher 
than any compound known [4]. CB 1954 had arisen 
in an attempt to make CB 1837 more water soluble 
by the introduction of the carboxamide group but 
slight alterations in the structure of CB 1954 often 
led to complete loss of activity. Whilst CB 1954 ex- 
hibited high potency and selectivity against this tu- 
mour model, it lacked any significant effect on a 
large number of other transplantable tumours [5, 
6]. 

2. A The anti-tumour activity and toxicity ofCB 1954 

Although CB 1954 was shown to have high potency 
and specificity of action against Walker tumour 
cells both in vivo and in vitro, it was established 
from an early stage that CB 1954 was ineffective in a 
range of animal tumours that respond to the growth 
inhibitory effects of difunctional alkylating agents 
[5-7]. That this sensitivity was also absent in human 
cells was confirmed [8, 9], where continuous expo- 
sure to CB 1954 was found to be more growth inhib- 
itory than cytotoxic. Workman etal. fl] reconfirmed 
that CB 1954 had essentially little activity against a 
range of rodent and human tumours in vivo. Ad- 
ministration of the maximum tolerated dose pro- 
duced essentially no anti-tumour activity in a range 
of xenografts in vivo. 

In addition to its potent and specific activity, it 
exhibited minimal loxie effects on the haemato- 
poietic system. Pathological effects, at toxic doses in 



rodents, were observed in the liver and urinary tract 
epithelium [10]. This is in contrast to the intestinal 
epithelium toxicity observed with many alkylating 
nitrogen mustards [5]. CB 1954 was found to be al- 
most 10 times less toxic in the mouse than in the rat. 
This was reflected in the higher therapeutic index of 
this compound against the Walker tumour when 
grown and treated in mice [11]. 

CB 1954 was entered into clinical trials in 1970 
owing to its high therapeutic index when tested 
against I he Walker tumour //; vivo, despite its limit- 
ed effectiveness against some other experimental 
tumours. No regression was observed in any of the 
cases. The most severe side effect to treatment was 
diarrhoea, with no bone marrow toxicity or liver 
dysfunction being observed (E. Wiltshaw, unpub- 
lished clinical results). These side effects had been 
similarly observed in animal tests [10]. 

2.B Metabolism studies with CB 1954 in vivo 

To understand the selective toxicity of CB 1954 
against the Walker 256 carcinoma, metabolism 
studies were carried out in the hope of identifying 
metabolites that might be implicated in its anti-tu- 
mour activity. 

Studies with CB 1954 in the rat concluded that un- 
changed ("li 1^54 was the most abundant radioac- 
tive constituent in the urine of animals treated with 
tritium-labeled drug [12]. The principle urinary me- 
tabolite was the 4-amine product. 5-(aziridin-l- 
yl)-4-amino-2-nitrobenzamide. This was also tu- 
mour inhibitory, but much less so than CB 1954 
(TI = 16). Other urinary metabolites identified were 
5-amino-2,4-dinitrobenzamide and 5(2'-hydrox- 
yethyl)amino-2,4-dinitrobenzamide, which had 
been previously identified [13]. Non-polar metabo- 
lites accounted for at least 85% of the urinary radio- 
activity from CB 1954-lreatcd rats in this study. Mi- 
nor quantities of polar metabolites were recovered 
that were not identified. 

The isomer of the 4-aminc product, the 2-amine, 
had previously been suggested to be the metabolite 
of CB 1954 responsible for its activity [14]. The 
structural resemblance that existed between this 
amine and in vivo antagonists of the antilumour ac- 
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tivity of CB 1954, such as the purine precursors (AI- 
CA) [13], suggested this candidate to be the more 
likely metabolite. However, the 2-amine product 
was not detected in the urine and exhibited only 
minimal inhibitory action on the growth of the 
Walker tumour in vivo. 

More recently, the pharmacokinetics and metab- 
olism of CB 1954 have been studied in mice [1, 15]. 
The presence of all previously identified metabo- 
lites was confirmed. It was proposed that reduction 
of the nitro groups by 1-electron reduction reac- 
tions to form reactive intermediates might be medi- 
ated intracellular^ and account for the cytotoxicity 
of CB 1954. This was investigated by the use of allo- 
purinoh which is an inhibitor of the enzyme xan- 
thine oxidase, which functions as a nitroreductase 
(by 1-electron transfer) and is thus implicated in the 
bioactivation of CB 1954. The in vivo antagonist. 2- 
phenyl-AICA, was shown not to alter blood con- 
centrations of CB 1954 or its metabolites. Earlier 
studies by 13, had concluded that no chemical inter- 
action between neutralized AICA hydrochloride 
and CB 1954 occurred in vitro. 

In summary, metabolism studies were inconclu- 
sive. No single product was identified that could ac- 
count for the selectivity or cytotoxicity of CB 1954. 

2.C Investigations into the selective activity of 
CB 1954 against the Walker 256 carcinoma 

Preliminary studies on the mechanism of action of 
CB 1954 suggested that the sensitivity observed to- 
ward* this compound was typical of a difunctiona! 
alkylating agent [6, 16, 17]. It was proposed that the 
monofunctional CB 1954 might be converted by a 
nitroreductase activity present in the Walker tu- 
mour to a compound capable of reacting difunc- 
tionally with DNA [6]. Inter or intrastrand cross- 
link formation is generally accepted as the most tox- 
ic lesion that will inhibit DNA function, eventually 
resulting in cell death. However, because the for- 
mation of a difunctional alkylating agent could not 
be verified, other lines of investigation were pur- 
sued. Studies on the mechanism of action of this 
compound were aimed at identifying the biochem- 
ical feature of the Walker tumour that made it so 



sensitive to this agent. Human tumours could then 
be chosen on a rational basis according to this spe- 
cific property. 

Preliminary experiments explored the possible 
role of CB 1954 as an anti-metabolite, as the dose 
response curve was similar to that obtained with an- 
ti-metabolites such as methotrexate [6]. In addition, 
the selective antitumour effects of CB 1954 against 
the growth of the Walker 256 carcinoma both in vi- 
vo and in vitro were shown to be reversed by a varie- 
ty of aminoimidazolecarboxamides, anthranila- 
mide, adenine and 2,4-dichlorophenol [6, 13, L8j. 
The protection by 5(4)-aminoimidazole-4(5)-car- 
boxamide (AICA) led to the view that CB 1954 act- 
ed as a purine antimetabolite [13] as a structural 
similarity existed between the proposed structure 
that would result from ring closure between the re- 
duced nitro group (to the amine) and the aziridine 
ring, and AICA. The phosphoribosyl derivative of 
AICA is a purine precursor in the de novo purine 
biosynthetic pathway and it was suggested that CB 
1954 might be competing for the same receptor site 
as this compound. It was proposed that it might be 
interfering with an early stage in purine biosynthe- 
sis. However, direct measurement of the inhibition 
of purine biosynthesis by CB 1954 could not be 
shown. However, these protectors were shown to 
reverse the inhibition of thymidine incorporation 
into DNA by this agent and protect against CB 1954 
toxicity in vivo [13, 17]. It was proposed that this al- 
leviation by AICA was by the provision of products 
for the reaction blocked by CB 1954 [17]. The 2- 
phenyi derivative of AICA (2-phenyl-5(4)-aminoi- 
inida/ole-4(5)-carboxamide) (2-phenyl-A ICA), 
was shown to be the most potent protector, reduc- 
ing the therapeutic index of CB 1954 by a factor of 
30 [18]. Other protectors were generally unrelated 
both functionally and structurally. No effects on cel- 
lular uptake or energetics (AICA) were shown in 
addition to lack of post protection of CB 1954 toxic- 
ity [18]. These compounds, however, did not protect 
against the difunctional compound, melphalan [19]. 

CB 1954. at high doses, was subsequently shown 
to inhibit the enzyme ribonucleotide reductase [20], 
an enzyme critically involved in the synthesis of de- 
oxyribonuclcotides. It was proposed that protec- 
tion bv 2-phenyl- AICA and other compounds was 
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by competition with CB 1954 for binding to this en- 
zyme. However, none of these findings explained 
why CB 1954 was selectively toxic to the Walker 256 
carcinoma but only proposed a possible mechanism 
of action of this compound. 

In a further attempt to unravel the mechanism of 
action of CB 1954, a series of investigations were 
carried out to determine its effects on cAMP levels 
in treated cells. A diverse set of cellular responses 
are mediated by cAMP. an increase in which may 
ultimately lead to for example, growth inhibition. 
Difunctional alkylating agents, and not anti-metab- 
olites, were shown to elevate cAMP levels in sensi- 
tive tumour cells and this was shown to be propor- 
tional to the dose required to produce growth inhib- 
ition [21, 22]. This effect was not observed in resist- 
ant cells and monofunctionai alkylating agents 
could not mediate this elevation. The exception was 
CB 1954. Inhibition of a phosphodiesterase enzyme 
in the degradation and hydrolysis of cAMP was 
shown to occur where growth inhibition and elevat- 
ed cAMP levels were observed in sensitive (in 
which this enzyme was better represented) but not 
resistant cells treated with chlorambucil. However, 
CB 1954 was found not to inhibit phosphodiesteras- 
es, neither did it affect the activity of the enzyme 
involved in cAMP synthesis, adenylate cyclase [23]. 
It was proposed that Walker cells could regulate 
their cAMP levels by leakage to the exterior. If this 
mechanism could be inhibited by CB 1954 it could 
account for the specificity of this agent towards 
these cells. 

In a further study, the effects of alkylating agents 
on cAMP-dependent protein kinase activity was 
determined in Walker cells [24]. Chlorambucil was 
found to activate the enzyme by the release of the 
catalytic subunit of the protein kinase at concentra- 
tions that caused complete inhibition of cell growth. 
A similar effect was produced by CB 1954 and this 
could be reversed by the tumour growth inhibitory 
antagonist. 2-phenyl-AICA. Walker cells that had 
been made resistant to CB 1954 contained predom- 
inantly one type of protein kinase that had a lower 
dependency for cAMP. This explained the de- 
creased stimulation of protein kinase by cAMP in 
this cell line [25] and presumably, the decreased cy- 
totoxicity of CB 1954. 



CB 1954 was shown to potentiate the cytotoxic 
effects of melphalan, without the preincubation in 
hypoxia normally required by nitroaromatic radio- 
sensitizers [26]. It was suggested that inhibition of a 
DNA repair process may be involved and it was 
proposed that CB 1954 may be acting as an inhibitor 
of poly( ADP-ribosylation) as it had structural simi- 
larities to known inhibitors of this enzyme that is 
thought to be involved in the repair of DNA. How- 
ever, no inhibition in the depletion of NAD + levels 
following exposure to melphalan was effected by 
CB 1954 (the transfer of ADP-ribose from NAD + to 
chromosomal proteins catalyzed by this enzyme 
would be required for repair synthesis of damaged 
DNA). 

2.D The hypoxic cell cytotoxicity of CB 1954 

A characteristic of many aromatic compounds con- 
taining a conjugated nitro group is their ability to 
sensitize hypoxic cells and CB 1954 possessed this 
characteristic [27]. The ability to sensitize hypoxic 
mammalian cells has been shown to be mainly influ- 
enced by the one-electron reduction potential of 
the compound, i.e., electron affinity. CB 1954 had a 
similar one electron reduction potential to misoni- 
dazole, but its ability to sensitize hypoxic cells was 
greater - as indicated by the lower level required for 
a given enhancement ratio [27]. This difference was 
abolished by the presence of the tumour growth in- 
hibitory antagonist. 2-phenyl-AICA. It was sug- 
gested that the additional sensitization by CB 1954 
was due to other cytotoxic properties associated 
with the compound as CB 1954 did not alter the ra- 
diosensitization effected by misonidazole. The or- 
der of effectiveness as chemotherapeutic agents of 
some CB 1954 analogues was the same as their effi- 
ciency as hypoxic cell radiosensitizers, but was not 
related to their one electron reduction potentials. It 
was shown previously that the reactivities of the azi- 
ridine ring were similar in all three compounds. Al- 
though partition coefficients differed, a previous 
study had shown I his nol to be a determinant of hy- 
poxic sensitization in mammalian cells in vitro. In a 
further study, the relative sensitizing efficiencies of 
a series of analogues of CB 1954 in which the indi- 
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vidual contribution of the aziridinyl group and 
other ring substituents to the sensitizing activity 
were assessed [28]. In contrast to CB 1954, the sensi- 
tization by a mono-nitro analogue was shown to be 
potentiated in the presence of 2-phenyl-AICA. 
Multiple mechanisms of radiosensitization were 
thought to contribute to the unusually high efficien- 
cy of this propcrlv of TB 1°54. 

2.E Structural requirements of CB 19$4 

The parent compound, l-aziridinyi-2,4-nitroben- 
zene (CB 1837), was modified with various substi- 
tuents in relation to the aziridine group (on the CI 
position of this compound) [4]. Electron withdraw- 
ing nitro groups were originally added to increase 
the chemical reactivity of the aziridino group, since 
the attraction of the lone pair of electrons from the 
nitrogen atom would increase the ring strain. How- 
ever, the ortho-nitro group could not be replaced by 
another electron-withdrawing group or a heterocy- 
clic nitrogen atom, without loss of activity. Replace- 
ment of the para-nitro group with a cyano group re- 
sulted in the retention of tumour growth-inhibitory 
effectiveness, wilh. however, a decrease in chemo- 
therapeutic index due to increased toxicity. Re- 
placement of this group with a sulphonamido group 
also resulted in loss of activity. The addition of a sec- 
ond aziridine group at the C5 position, rendering 
the compound difunctional, resulted in a loss ofcar- 
cinostatic activity. A cyano, carbomethoxy and car- 
boethoxy group in this position resulted in reduced 
or marginal activity. The only modification of the 
parent structure (CB 1837) which gave a compound 
with enhanced potency and an increased chemo- 
therapeutic index, was the insertion of a carboxa- 
mide group at this C5 position to produce CB 1954. 

An explanation for the potency and selectivity of 
this compound was that the amide might undergo 
selective hydrolysis within cells of the Walker tu- 
mour. This would give the free acid that would be 
completely ionized at intracellular pH and unlikely 
to diffuse out again. N-subslituted {5-car boxy lie) 
ester derivatives were prepared with special regard 
to influencing solubility, distribution characteristics 
and stability of the amide towards hydrolysis [14]. 



None of the substituted amides were found to have 
activity that approached the benzamide derivative. 
In general, substitution that would be expected to 
increase lipid solubility decreased toxicity. Varia- 
tions in the carboxamide group did not affect the 
chemical reactivity of the alkylating group, leading 
to the conclusion that variations in biological activ- 
i I v were no I due to differences in this reactivity. 
There was found lo he no correlation between the 
toxicities of the compounds or their rates of chemi- 
cal reaction with a nucleophile and their anti-tu- 
mour activities. 

Electron withdrawing groups were introduced to 
examine the effects of decreased hydrolytic stabil- 
ity on anti-tumour activity. Only the N-bromoethyl 
derivative at the C5 position was shown to have a 
significantly increased therapeutic index (TI= 46). 
An increase in hydrolytic stability did not improve 
anti-tumour activity significantly. None of the syn- 
thesized analogues showed significant growth-in- 
hibitory activity when tested against the ADJ/ 
PC6A mouse plasmacytoma, which is highly sensi- 
tive towards difunctional alkylating agents. 

In an extension of the earlier analogue work, it 
was proposed that replacement of the alkylating 
function with other suitable cylotoxic groups might 
facilitate the localization of activity within the cell 
[29]. However, replacement of the ethyleneimine 
alkylating function of CB 1954 with another alkylat- 
ing function or addition of a second alkylating cen- 
tre resulted in compounds that were less effective 
than CB 1954 against the Walker carcinoma in vivo. 
It was proposed that a possible route of metabolism 
might be the reduction of the nitro groups to amino 
derivatives, possibly by way of hydroxylamino in- 
termediates. These compounds could possess latent 
activity and might be more readily produced in tu- 
mours containing higher levels of nitro-reductase 
activity than the surrounding normal tissue [29]. 

In summary, CB 1954 has a high structural speci- 
ficity. It was established from an early stage that the 
4-nitro group was essential for the activity of CB 
1954 and it could not be replaced by another elec- 
Iron-al trading group. There was no obvious slrue- 
ture-activity relationship. 
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3. The mechanism of action of CB 1954 

The specificity of CB 1954 against Walker ceils has 
also been demonstrated in tissue culture; thus elim- 
inating any role the host may play in activating the 
drug. In vitro Walker cells are about a 100,000 fold 
more sensitive towards CB 1954 than are, for exam- 
ple, Chinese hamster V79 cells (Fig. 1). It was in this 
cell system that the actual reason why Walker cells 
were sensitive to this drug was first shown. It was 
demonstrated that CB 1954 formed DNA-DNA in- 
terstrand crosslinks in Walker cells but not in the 
insensitive V79 cells [30] (Fig. 2). Thus, in Walker 
cells, CB 1954 is being converted from a monofunc- 
tional agent to a difunctional agent. Co-culturing 
Chinese hamster V79 ceils with Walker cells in the 
presence of CB l ( )5*1 resulted in the sensitization of 
the V79 cells towards CB 1954. Crosslinks were now 
present in their DNA [31], indicative of the forma- 
tion in Walker cells, of a diffusible toxic metabolite 
of CB 1954. It was suggested that this activation was 
occurring by reduction of the nitro groups of CB 
1954 to provide an additional reactive centre [30] 
and it was subsequently reported that CB 1954 was 
less toxic and mutagenic in a nitro-rcductasc-defi- 
cient strain of A', colt [32|. That this was, indeed, the 
case was demonstrated when the nitroreductase en- 
zyme responsible for this action was purified from 
Walker cells and the activated form of CB 1954 
identified. 



3. A The bioactivation of CB 1954 

The purification of the activating enzyme from 
Walker cells and the identification of this nitrore- 
ductase as DT diaphorase is described below. This 
enzyme, in the presence of NADH or NADPH. ca- 
talyses the aerobic reduction of CB 1954 to its 4-hy- 
droxylamino derivative, 5-(aziridin-l-yl)-4-hydrox- 
ylamino-2-nitrobenzamide [31] (Fig. 3). These ini- 
tial studies also indicated some reduction of CB 
1954 to the 4-amino derivative. However this com- 
pound was shown not to account for the observed 
cytotoxicity [31] and was not seen in later studies 
with more highly purified DT diaphorase [33. 34]. 
5-(Aziridin-l-yl)-4-hydroxylamino-2-nitrobenza- 



mide is highly cytotoxic, even to those cells resistant 
to CB 1954 and can form interstrand crosslinks in 
their DNA. It is the formation of this compound 
that accounts for the sensitivity of Walker cells to- 
wards CB 1954. Irrespective of the ability to bioac- 
tivate CB 1954, all the cell types so far examined 
have a comparable sensitivity towards the reduced 
4-hydroxylamino derivative [33]. 

While 5-(aziridin-l-yl)-4-hydroxylamino-2-ni- 
trobenzamide can produce DNA-DNA interstrand 
crosslinks in cells it cannot form these lesions in 
naked DNA [31]. It was suggested that in cells there 
is a further activation step that converts 5-(aziri- 
din-l-yl)-4-hydroxylamino-2-nitrobenzamide to 
the proximal, DNA crosslinking, cytotoxic species. 
This notion was supported by the absence of a line- 
ar dose response in crosslinking in cells treated with 
this compound consistent with the saturation of this 
second activation step [31]. An enzymatic esterifi- 
cation and activation of the hydroxylamine. analo- 
gous to that formed by metabolism of 4-nitroquino- 
line-N-oxide and N-acetylaminofluorene, was pro- 
posed [31]. In fact, 5-(aziridin-l-yl)-4-hydroxylami- 
no-2-nitrobenzamide can be activated non-enzym- 
atically, to a form capable of reacting with naked 
DNA U> produce inlerstrand crosslinks, by a direct 
chemical reaction with acetyl-coenzyme A and 
other thioesters [35] (Fig. 3). The ultimate, DNA re- 
active, derivative of CB 1954 is probably 4-(N-ace- 
toxy)-5-(aziridin-l-yl)-2-nitrobenzamide [35] (Fig. 
3). Another product of this reaction with thioesters 
is the 4-amino derivative. Formation of this product 
is actually in competition with the activation reac- 
tion [35] (Fig. 3). Interestingly, 5-(aziridin-l-yi)-4- 
hydroxylamino-2-nitrobenzamide is the major uri- 
nary metabolite of CB 1954 in the rat [12]. 

The bioactivation of CB 1954 results in a vast in- 
crease in its cytotoxicity and the resulting dose 
modification can be up to 100,000 fold. This is 
greater lhan would be predicted by a conversion of 
a mono- to a difunctional agent. Where monofunc- 
tional congeners of difunctional agents are availa- 
ble, as with half mustards and monofunet ionai plati- 
num compounds, the dose modification for equi- 
toxicity is seen to be only around 50-200 fold [36. 
37]. Observations regarding the formation of DNA 
interstrand crosslinks and their properties may ex- 
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plain why cells able to bioactivate CB 1954 are so 
cytotoxically affected. 

First. Walker cells have an inherent sensitivity to 
any agent that can produce DNA interstrand cross- 
links [36]. However, Walker cells that have lost this 
sensitivity to crosslinks are still very sensitive to CB 
1954 and are still about 10,000 fold more sensitive 
than V79 cells [36]. 

Second, the CB 1954 induced interstrand cross- 
link is formed with a very high frequency and can 
contribute up to 70% of the total lesions [38]. This 
frequency is much higher than that reported for 
other agents. For example, interstrand crosslinks 
represent 2% or less of the total DNA reactions of 
Cisplatin or Carboplatin. The interstrand crosslink 
is. in terms of molar efficacy, a more intrinsically 
toxic lesion than are single-strand diadducts and 
monolunctional lesions [39]. An agent that pro- 
duced a very high proportion of crosslinks would be 
expected to be more toxic than one that produced 
only a low frequency. The crosslink frequency did 
vary* with the treatment protocol used [38]. This is 
probably due to saturation of the bioactivation 



stages at high doses of CB 1954 and it appears that it 
is the second step that is rate limiting in those cells 
capable of generating the hydroxylamine [31]. 

Third, the crosslinks are poorly repaired which 
may be cause them to be even more intrinsically cy- 
totoxic than those induced by other difunctional 
agents [38|. 

Fourth, as a consequence of the bioactivation of 
the CB 1954, there is a 10-fold increase in the 
amount of DNA bound drug in Walker cells, as 
compared to cells which can not reduce CB 1954 
[38]. 

The unusual properties of the CB 1954-induced 
interstrand crosslink suggests that this lesion is un- 
like those formed by other agents. The interstrand 
crosslink lesion(s) induced by C B [ l )5A have yet to 
be fully identified. However, 4-hydroxylamine (af- 
ter activation as detailed above) reacts predomin- 
antly with the C8 position of deoxyguanosine. In 
DNA this would leave the aziridine function poised 
to react on the opposing strand and form the ob- 
served crosslinks. Molecular modelling studies in- 
dicate that this second arm reaction will preferen- 
tially be on the 06 position of a deoxyguanosine on 
the opposite strand of DNA (Fig. 4). Such a C8-O6 
DNA interstrand crosslink would be unique and is 
not produced by other types of alkylating or plat- 
inating agents and may account for its unique prop- 
erties. 

These properties coupled with the selectivity of 
the bioactivation step by DT diaphorase, explains 
why CB 1954 was so exceptionally effective as an 
anti-tumour agent in the rat and capable of curing 
the Walker carcinoma. 



3. B The nitroreductase enzyme in Walker cells 

The enzyme that catalyses the aerobic reduction of 
CB 1954 to 5-(aziridin-l-yl)-4-hydroxylamino-2-ni- 
trobenzamide has been isolated from Walker cells 
[40]. By comparison of partial protein sequences, 
coenzymes, substrate and inhibitor specificities, 
and spectroscopic data, the enzyme has now been 
identified as a form of DT diaphorase (NAD(P)H 
dehydrogenase (quinone), EC 1.6,99.2). This name 
arose because of its then unique ability to use either 
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NADH or NADPH as co-factors in its reduction of 
quinonc substrates. At the time of its discovery 
these two co-factors were abbreviated as DPNH 
and TPNH. respectively. As well as its ability to use 
both of these co-factors, this enzyme is also remark- 
able in that it can simultaneously transfer two elec- 
trons to its substrate. The primary cellular role of 
this enzyme appears to be the detoxification of qui- 
nones by directly catalyzing a two-electron reduc- 
tion of these compounds to form the hydroquinone. 
This avoids the cytotoxicity resulting from the re- 
dox cycling produced by a one-electron reduction 
of quinoncs and the resulting generation of super- 
oxide radicals (lor a review see |41|). As well as de- 
toxifying quinones. DT diaphorase is involved in 
the metabolism of a number of chemotherapeutic 
agents (reviewed by [42]). Presumably the mecha- 
nism by which DT diaphorase can directly transfer 2 
electrons to a quinone is used in the 4-electron re- 
duction of CB 1954. However. CB 1954 is intrinsical- 
ly reduced 1.6 x 10 4 times slower than the quinone 
compound, menadione, and transfer of reducing 



equivalents from the enzyme to CB 1954 is slow and 
very rate limiting [431. This relatively slow rate of 
reduction may be required to avoid saturation ol 
the second activation step discussed above. To em- 
phasize the point that DT diaphorase can alone ac- 
count for a cell's sensitivity to CB 1954: the addition 
of the enzyme to the culture medium of V79 cells 
produced a dramatic increase in their sensitivity to- 
wards CB 1954 [31]. 

It would be predicted from these results that in- 
hibition of DT diaphorase would protect Walker 
cells from the cytotoxic effects of CB 1954 by inhib- 
iting the formation of the active species 5-(aziri- 
din-l-yl)-4-hydroxyl;imino-2-nitri)hciv/amidc. Di- 
coumarol is a diagnostic inhibitor of DT diapho- 
rase. Interesingly, 2-phenyl-AICA and AICA. two 
compounds that had been previously been reported 
to be antagonists of the anti-tumour effects of CB 
1954 were also shown to be an inhibitor of DT 
diaphorase. Caffeine was also shown to be a novel 
inhibitor of this enzyme [44]. These inhibitors pro- 
duced a dose-dependent reduction in cell death, but 
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only when they were present at the same time as CB 
1954 [44] (Fig. 5). This is consistent with this protec- 
tive action being due to the inhibition of the activa- 
ting enzyme :is opposed In nlhcr mechanisms. In- 
hibitors also markedly reduced the amount of 
crosslinked DNA in the CB 1954 co-treated cells; 
relative to that in those cells treated with CB 1954 
alone [44]. Emphasizing that these compounds 
were indeed acting by inhibiting DT diaphorase in 
the cell, the same three compounds potentiated the 
cytotoxicity of menadione; a quinone compound 
that will be detoxified by this enzyme [44] (Fig. 5). 

In summary, it is the reduction of CB 1954 by DT 
diaphorase that defines a cell's sensitivity to this 
agent. 

J.C The lack of sensitivity of human cells towards 
CB1954 

The identification and characterization of the en- 
zyme that reduces CB 1954 to ihe toxic crosslinking 
derivative (5-(aziridin-l-yl)-4-hydroxylamino-2-ni- 
trobenzamide) as DT diaphorase, renewed the pos- 
sibility of identifying human tumour types with a 
sensitivity similar to the Walker carcinoma. This 
was because this enzyme is known to be widely dis- 
tributed in mammalian tissues (see [41]) and its ac- 
tivity is considerably elevated in chemically-in- 
duced preneoplastic nodules in rat liver when com- 
pared with normal tissue [45]. The enzyme is also 
selectively induced in the livers of tumour-bearing 
animals [46.47]. In addition. DT diaphorase activity 
is present in a variety of tissues and cell lines of hu- 
man origin. High activity has been detected in stom- 
ach and abdominal adipose tissue [48, 49] and ele- 
vated activity has been reported in human tumour 
cell lines of breast, brain and liver origin [50, 51]. 
There is a marked increase in the activity of DT 
diaphorase in human colonic carcinomas when 
compared with the enzymatic activity of the sur- 
rounding normal colonic mucosa [52]. No signifi- 
cant differences between the Walker, rat liver and 
human forms of this enzyme have been reported. 
Both the rat and human forms of DT diaphorase 
have been cloned and sequenced and human DT 
diaphorase cDNA and proteins are 83% and 85% 



homologous with the rat liver cytosolic cDNA and 
protein, respectively [53]. Both are inducible cyto- 
solic flavoproteins encoded by a single gene. The 
human protein is biochemically very similar to Ihe 
rat protein, only small differences between Km val- 
ues for the substrates menadione and NADH hav- 
ing been found [48]. Thus it might be predicted that 
human or rat DT diaphorase would metabolize CB 
1954 in a manner similar to the protein from Walker 
cells and that the cytotoxicity resulting from the 
bioactivation of CB 1954 might be observed in hu- 
man tumours expressing significant levels of this 
enzyme. 

A number of human cell lines were shown to con- 
tain DT diaphorase levels comparable to those 
found in Walker and some other rat cell lines [33] 
(Fig. 6). The rat cell lines were all sensitive to CB 




/■)"#. V. The proposed structure ol the iniersirnnd crosslink pro- 
duced by CB 1954. The 4-hydroxylamine. after activation reacts 
predominantly with the C8 position of deoxyguanosine. Model- 
ling studies indicate that the aziridine function can then react on 
the 06 position of a deoxyguanosine on the opposite strand of 
DNA to produce the observed crosslinks. Such a DNA inter- 
strand crosslink would be unique. This could explain why CB 
1954 produces a very high crosslink frequency and why, in cells, 
these crosslinks are very persistent and not removed readily by 
DNA repair processes. 
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1954 and the resulting cell kill approached that ob- 
tained in Walker cells. Thus Walker cells are not 
uniquely sensitive towards CB 1954. Human cell 
lines were, on the other hand, all dramatically less 
toxically effected by CB 1954 with between a 500 
and 5000 higher dose of the agent being required to 
produce a comparable cytotoxic response to that 
obtained in cells of rat origin [33] (Fig. 7). In con- 
trast to the large difference in their cytotoxic re- 
sponse lownrds CB 1954, both the ral and human 
cell lines were similarly affected by the 4-hydroxy- 
lamino derivative of CB 1954 [33] (Fig. 7). The fact 
that human cells were sensitive to 5-(aziridin-l- 
yl)-4-hydroxylamino-2-nitrobcnzamidc suggested 
that their resistance towards CB 1954 was not due to 
any failure to activate further the hydroxylamine 
nor to an intrinsic resistance to the DNA adducts 
formed. It was therefore suggested that CB 1954 
was reduced differently by the human form of DT 
diaphorase as compared to the rat form [33]. 

In order to investigate this proposal, the human 
form of DT diaphorase was purified to homogenei- 
ty from Hep G2 cells [33]. Although DT diaphorase 
has been extensively studied, the most common 
source of the enzyme is rat liver and information 
regarding the human protein was limited. However, 
as might be predicted from the large degree of ho- 
mology between the rat and human forms of DT 
diaphorase, the biochemical properties of the Hep 
G2 and Walker forms of the enzyme, with respect to 
cofactors and the reduction of menadione, were ve- 
ry similar [33]. In contrast, significant differences 
were observed in the ability of DT diaphorase iso- 
lated from either Hep G2 or Walker cells in their 
ability to reduce CB 1954 to the active 5-(aziridin-l- 
yl)-4-hydroxylamino-2-nitrobenzamide derivative. 
Although, both forms of the enzyme produced the 
4-hydroxylamino derivative as the single product, 
the human Hep G2 form of the enzyme was intrinsi- 
cally less able to carry out this reduction (Fig. 8) and 
the K caI value is over six-fold higher for the Walker 
cell form of the enzyme (4.1 min" 1 ) than for the hu- 
man DT diaphorase (0.64min" ! ) [33]. Interestingly. 
CB 1954 inhibits the reduction of menadione by DT 
diaphorase and is a competitive inhibitor (with re- 
spect to NAU1 i) ot the I iep G2 en/.yme.The ki val- 
ue (130 uM) indicates that CB 1954 can bind reason- 



100 - 



< 
> 

> 
ZD 



10 



1 - 



0.1 




AICA 

CAFFEINE 
DICOUMAROL 



0 500 1000 1500 2000 
[INHIBITOR] pM,- 2hr+10min 



100 - 



DC 
ZD 

in 



B. 



AICA 

CAFFEINE 

DICOUMAROL 




1 1 1 r 

0 500 1000 1500 2000 

[INHIBITOR] MM, 2hr+10min 

Fig. 5. The effects of inhibitors of DT diaphorase on the survival of 
Walker cells treated with either (A) lOOnM CB 1954 or (B) 20u.M 
menadione. Cells were treated for 2hr at 37°C in the. presence of 
various concentrations of the inhibitors as shown and then assayed 
lor i-olimv fni minf'. nhililv. Inhibitors wrrc milled tOmin prior lo ihc 
drill*. Inhibition ol l)TUi;iphoi;isc |MolCLls;igamsl C H I'J.M cytotox- 
icity but potentiates menadione cytotoxicity. Data from [44]. 



'I 



206 



LU 
I— 

o 

CC 
Q_ 

C/5 

3 1Q3 



>- 

> 

O 
< 

LU 

> 

M 

-z 

Ml 



10 z 



10 1 




< 

5 



»- oj r- h- 

CQ O I <** 

-> u. CO 

0- O £ 

^ 2 w 



F/g. 6. The activity of the enzyme DT diaphorase in ceil lines of 
either (A) rat or (B) human origin. DT diaphorase activity was 
assayed employing menadione (I0u.M) as substrate and cyto- 
chrome C (70 U.M) as a terminal electron acceptor. Activity was 
defined as the cytochrome C reduction inhibited by 1 u.M dicou- 
marol and expressed as nmolcs cytochrome C reduced per min- 
ute (units) per ing of total protein at 37° C. Data from |33|. 

ably well to the enzyme (much better than might be 
inferred from the km of the enzyme for CB 1954). 
Thus CB 1954 can be considered an inhibitor of, 
rather than a substrate for, human DT diaphorase 
[33]. 

The intrinsic inability of human DT diaphorase 
to produce the required cytotoxic species from CB 
1954 accounts for the lack of sensitivity of human 
cells towards this asent. 



4. CB 1954 -The future 

4. A Analogues ofCB 1954 

Although CB 1954 has been shown to be poorly re- 
duced to the 4-hydroxylnrninc product by human 
DT diaphui ase il i.N possible dial an analogue of ( U 
1954 could be found which would be a better sub- 
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lines are resistant to CB 1954. They are. however, sensitive to its 
active, 4-hydroxylamine. form. Data from [33]. 

strate for the human enzyme. Such a compound 
could be able to exploit the raised levels of this en- 
zyme in human tumours, which have been reported 
to exist (see above). Now that the mechanism of ac- 
tion of CB 1954 is fully understood, the criteria for 
an analogue would be a) a reducible nitro group or- 
tho to the aziridinc, b) the product of its reduction 
must the the 4-electron hydroxylamino derivative 
and this must be able to react with thioesters and c) 
low cytotoxicity in cells with low levels of DT diaph- 
orase. Utilizing analogues synthesized during the 
original development a number of interesting com- 
pounds have been examined which illustrate this 
approach. 
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Substitution of the carboxamide by a chloro 
group at the CI position (CB 10-207) resulted in a 
6.58 fold increase in the rate of reduction by human 
DT diaphorase when compared to CB 1954 [54]. 
This compound was previously shown to have no 
effect on the growth of the Walker tumour in vivo 
although it was quite toxic to the whole animal 
(LD 50 = 60mg/mi). This improved rate of reduction 
and toxicity may have reflected in the sensitivities 
of a range of human cell lines towards this com- 
pound when compared with CB 1954. However 
cells deficient in DT diaphorase were also cytotox- 
ically effected by this compound suggesting that it 
may be activated by other enzymes apart from DT 
diaphorase [54]. 

Substitution of the carboxamide by an isobutyl- 
carboxylate moiety (CB 10-200) results in a com- 
pound that is reduced 40-times faster by human DT 
diaphorase than CB 1954 itself [55]. CB 10-200 (5- 
(aziridin-i-yl)-2,4-dinitro-l-isobutylbenzoate) is 
cytotoxic in human cell lines with raised levels of 
DT diaphorase but not in cell lines with low levels of 
the enzyme [55]. These findings indicate that CB 10- 
200 retains the high selectivity found with CB 1954 
whilst being more readily reduced to its active form 
by the human form of DT diaphorase. However, CB 
10-200 is not as cytotoxic towards human cell lines 
as CB 1954 is towards rat cell lines with comparable 
DT diaphorase levels. 



4.B Potentiation of CB 1954 cytotoxicity by reduced 
pyridine nucleotides 

The toxicity of CB 1954 towards human cells was 
greatly enhanced by the presence of NADH (when 
foetal calf serum was present in the culture medi- 
um) [56] (Fig. 9). The actual molecule that causes 
this effect is nicotinamide mononucleoside (re- 
duced) (NRH) [56]. NRH is a cofactor for rat DT 
diaphorase [43] and is generated from NADH by 
enzymes in foetal calf serum [57]. NRH can enter 
the cell and stimulate the activity of human DT 
diaphorase towards CB 1954, although the precise 
mechanism of this stimulation is not known |56|. 

The intrinsic differences in the two forms of the 
enzyme means that, even in the presence of NADH 
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Fig. 8. The rate of reduction of CB 1954 by 6x 10 7 units/ml of 
either the Walker (rat) or Hep G2 (human) forms of DT diaph- 
orase. Reduction was monitored by HPLC and NADH was used 
as a cofactor at an initial concentration of 500nM. CB 1954 is 
reduced much slower by the human enzyme than by the rat form 
of DT diaphorase. The product of the reduction is 5-(aziridin-l- 
yl)-4-hydroxvlamino-2-nitrobenzamide in both cases. Data from 
[33]. 

(or NRH). the cytotoxicity of CB 1954 in human 
cells is still much less than in rat cells of equivalent 
DT diaphorase levels. However, the technique 
should also work with CB 1954 analogues and may 
increase the chances of a selective antitumour agent 
being developed. 



4. C Antibody directed enzyme prodrug therapy 
(ADEPT) 

A recent innovation in the attempt to produce a tu- 
mour-selective cytotoxic chemotherapy has been 
the Antibody Directed Enzyme Prodrug Therapy 
(ADEPT) approach [58, 59]. A tumour-selective 
monoclonal antibody (or fragment) is conjugated 
lo an enzyme that is capable of bioactivaling a pro- , 
drug. Therapy proceeds along a multistage line. A 
conjugate of an enzyme with a monoclonal anti- 
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Fig. 9. The potentiation of CB 1954 cytotoxicity by NADH. Hu- 
man MAW I cells were incubated in the presence or absence of 
50uM NADII plus the doses of C li 1954 indicated, for 2hr al 
37° C and then assayed for colony forming ability. NADH sub- 
stantially potentiates CB 1954 cytotoxicity. The mechanism in- 
volves the metabolism of NADH to nicotinamide mononucleo- 
side (reduced). This compound is still a cofactor for DT diaph- 
orase and can stimulate the activity of human DT diaphorase 
towards CB 1954. The effect is much less marked in human cell 
lines with low DT diaphorase levels. Data from [56]. 

body is allowed to localize at the site of the tumour. 
The unlocalized conjugate is either given time to b e 
, el iminated. from the body, or is hastened on its w ay 
by a 'clearance' antibody. A non-toxic prodrug is 
then administered and activated at the site of the 
tumour by the bound conjugate [60]. The enzymes 
carboxy-peptidase G2 [61], alkaline phosphatase 
[62], ^-lactamase [63, 64], penicillin amidase [65], 
and cytosinc deaminase [66] have been considered. 
In these cases the activating chemical event of the 
prodrug is hydrolysis. 

Reductive processes are also capable of activa- 
ting prodrugs. The increase in cytotoxicity accom- 
panying bioreduction of the 4-nitro group of CB 
1954 is up lo a 100.000 fol< j on ^ h™^ KncU So large 
v an increase in cytotoxicity makes CB 1954 an attrac- 
tive ADEPT candidate prodrug. 

In ADEPT endogenous enzymes are not being 
exploited and, indeed, it is fundamcnial to the con- 
cept that the prodrug (such as CB 1954) is not acti- 
vated by normal human enzymes. The biochemical 



differences between enzymes from different mam- 
malian species would not be expected to be that 
great. Despite being a mammalian enzyme, rat DT 
diaphorase could be suitable in this respect, be- 
cause the human form of DT diaphorase is much 
less able to metabolize CB 1954 than is the rat form. 
N itroreduction of CB 19S4 hv DT riiaphora&p. mav 
ther efore be a possible ADEPT system. Although 
there is an exploitable difference between the hu- 
man and rat forms of DT diaphorase. c andidatc_g n- 
zyme s lor ADEPT have tended to b*' lwii» rml in 
origin. Nitroreductase proficient strains of bacteria 
are sensitive towards CB 1954 [32] and anitroreduc- 
tase enzyme has been purified from E. coli B [67], 
This enzyme, like DT diaphorase, is also capable of 
reducing CB 1954 in air to 5-(aziridin-l-yl)-4-hy- 
droxylamino-2-nitrobenzamide. In contrast to DT 
diaphorase. which can only reduce the 4-nitro group 
of CB 1954, the E. coli nitroreductase can reduce 
either (but not both) nitro groups of CB 1954 to the 
corresponding hydroxylamino species (Fig. 10). 
The two hydroxylamino species are formed in equal 
proportions and at the same rates [34] (Fig. 11). 
However, no products are formed in which both ni- 
tro groups have been reduced. T hus, once one nitr o 
gr oup has been reduced, the E. coli nitroreduc tase 
ca n not then reduce the other nitro group. 5-(Azir i- 
din-1 -yl)-4-hydroxylamino-2-nitrobenzamide is a 
potent cytotoxic agent capable of producing DNA- 
DNA interstrand crosslinks in cells [31]. In contrast 
the 2-hydroxylamino species is less cytotoxic and 
can not produce interstrand crosslinks. It is, how- 
ever, much more cytotoxic than CB 1954 [31]. Im- 
portantly CB 1QS4 k reduced about 90-fold m ore 
rapid ly bv the E. ' vli nil™"^ 1 "^ 1 ™? ihnn by PT 
dia phorase [6 7]. In the presence of V79 cells (nor- 
mally insensitive to CB 1954) the E. coli nitroreduc- 
tase is capable of activating CB 1954 extracellularly 
to a cytotoxic form [34]. As well as being able to 
reduce CB 1954, the E, coli nitroreductase shares 
some other biochemical properties with DT diaph- 
orase. It can reduce menadione [67] and utilizes 
either NADH or NADPH as a cofactor [67]. How- 
ever, it is a much smaller protein (24kD) [67] than 
DT diaphorase (33.5 kD) [40] and there is no obvi- 
ous sequence homology between the two enzymes 
[67]. Conjugates between DT diaphorase or the E. 
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proportions. The 2-hydroxylamine is less cytotoxic than the 4-hydroxylamine but is is still much more cytotoxic than CB 1954 itself CB 
1954 is intrinsically reduced about 90-fold faster by the nitroreductase than by Walker DT diaphorase. 



coli nitroreductase have been made with the tu- 
mour selective antibody A5B 7. The conjug ates rc- 
tained both enzyme and antib ody^gtivity (unpub- 
lished data}. 

For^a nitroreductase enzyme to be used in 
ADEPT a cefaclor would also have to be present to 
supply a source of reducing equivalents. The bio- 
genic cofactors for reductases, NADH and 
NADPH are unsuitable in this respect being rapidly 
oxidized and degraded by serum enzymes [57]. 
However, NAD* is more stable and can be reduced 
to NADH by the serum enzyme, L(+)Iactate dehy- 
drogenase (E.C 1.1.1.27) [57] and NADH generat- 
ed from NAD' by serum can drive the bioreductive 
activation of CB 1954 [57]. It is possible that this in- 
nate ability of serum to reduce NAD + can be practi- 
cally exploited in a reductive ADEPT system. 

A novel approach to this problem has been in the 
development of enzyme selective cofactors. This 
development started with the observation t jiat very 
si mple reduced pvridinium compound s wf rp gli 1 1 
good cofactors for DT diaphorase [43j. However, 



they are not substrates for the serum enzymes that 
melabplise NAD(P)I I and are therefore serum sta- 
ble. Similarly the E. coli nitroreductase can use 
some of these compounds and can even use some 
that are not cofactors for DT diaphorase. Such a 
co mpound is nicolinate riboside frec^ i rpH) (unpub - 
lished data). An added advantage of this cofactor is 
that it does not potentiate CB 1954 cytotoxicity in 
human cells (presumably because it is not a cofactor 
for DT diaphorase) [43] and should make this pro- 
drug more selective in ADEPT. 

These observations suggest that the pharmaco- 
logical limitations of NADH need not be an obsta- 
cle to the use of bioreductive enzymes for ADEPT 
therapy. Given its high activity for CB 1954 the E. 
coli nitroreductase is a very attractive enzyme for 
ADEPT. 



5. Concluding remarks 

The selective bioactivation of CB 1954 by DT 
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Fig. 11. The aerobic reduction of CB 1954 and the formation of 
products by either 2u,g/mL E. coli nitroreductase or 35uG/mL 
Walker DT diaphorase. The /•". atli nitroreductase reduces CB 
1954 much more rapidly than Walker DTdiaphorase bul forms a 
mixture til the .V and A -liydioxylamincs. In eonira.sl D Tdiaph- 
orase only forms 5-(aziridin-l-yl)-4-hydroxylamino-2-nitroben- 
zamide (4-HX). Data from [34]. 

diaphorase offered the potential of new anti-cancer 
strategies. This compound possesses the latent cy- 
totoxicity required of a prodrug and antibodies 
raised against the enzyme could establish from indi- 
vidual biopsies those tumours that may have been 
responsive to prodrug therapy. Unfortunately this 
approach is thwarted by the intrinsic poor rate of 
reduction of CB 1954 by the human form of DT 
diaphorase. However, the development of ana- 
logues that are more readily reduced by the human 
enzyme and therefore more cytotoxic makes it very 
conceivable that a derivative will be found with the 
required rate of bioactivation and specifity, but with 
the minimum of toxic side effects. This type of com- 
pound may slill have a place in ihcchcmot herapy of 
human lumours. An alternate role for CB 1954 is as 
a prodrug in ADEPT therapy. In combination with 



thf> rnn jiipated nit t nrHnrtf i nP *T)?y mn rp 1 n H i t- 
self has an important role to play in this innovative 
approach to cancer chemotherapy. Perhaps, at last, 
CB 1954 has found its 'human tumour to treat'. 
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